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Abstract 19 

Objective  20 

Insulin-like growth factor binding proteins (IGFBPs) are involved in glucose and lipid 21 

metabolism, and their actions are modulated by proteases. The aim of this study was to examine 22 

the effects of an IGFBP-5 protease, pregnancy associated plasma protein -A2 (PAPP-A2), on 23 

glucose metabolism and susceptibility to diet-induced obesity. 24 

Design 25 

Postnatal growth, circulating IGF-I, IGFBP-3 and IGFBP-5 levels, and glucose tolerance were 26 

measured in Pappa2 deletion mice and littermate controls on a chow diet.  Males were 27 

subsequently fed a high-fat diet for 8 weeks to measure weight gain and adiposity, as well as 28 

glucose tolerance in response to a metabolic challenge.      29 

Results 30 

Circulating IGFBP-5 levels were ~2-fold higher in mice with no functional PAPP-A2 than in 31 

littermate controls, as expected. In contrast, circulating IGFBP-3 levels were reduced by ~15-32 

fold, and total IGF-I levels were ~60% higher in Pappa2 deletion mice. There was no effect of 33 

Pappa2 deletion on fasting blood glucose levels or glucose clearance after intraperitoneal 34 

injection of 2 g glucose/kg body weight in mice on a chow diet. In males on a high-fat diet, there 35 

was no difference between genotypes in weight gain or adiposity, adjusting for differences in 36 

initial body weight, or in fasting blood glucose or insulin levels, or in glucose clearance.  37 

Conclusions 38 

Despite a dramatic disruption of the balance between circulating IGF-I, IGFBP-3 and -5, we 39 

found no effects of Pappa2 deletion on glucose metabolism, weight gain or adiposity on a high-40 

fat diet.  41 
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Abbreviations 46 

ALS: acid-labile subunit  47 

AUC: area under the curve 48 

GTT: glucose tolerance test 49 

HFD: high-fat diet 50 

IGF: insulin-like growth factor 51 

IGFBP: insulin-like growth factor binding protein 52 

PAPP-A2: pregnancy associated plasma protein -A2  53 

piAUC: positive incremental area under the curve 54 
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Introduction 55 

Insulin-like growth factors (IGFs) and their binding proteins (IGFBPs) play roles in diverse 56 

processes including glucose metabolism and the regulation of adiposity [1-3]. IGFBPs not only 57 

sequester IGFs, reducing their availability, but also extend their half-life and in some cases have 58 

IGF-independent effects [1, 2, 4]. As a result, the various IGFBPs are not interchangeable. For 59 

example, overexpression of IGFBP-1 causes hyperglycemia and impairs glucose tolerance in 60 

mice [5] whereas overexpression of IGFBP-2 can reverse diabetes in mice [6], although this 61 

effect may be pharmacological [7]. 62 

 IGFBPs are regulated by proteolysis [8]. Pregnancy associated plasma protein -A2 63 

(PAPP-A2) is a protease of IGFBP-5 [9] that has been studied in the contexts of pregnancy [10-64 

14] and postnatal growth [15-17]. Whether PAPP-A2 plays a role in the regulation of glucose 65 

metabolism and adiposity is unknown, but recently PAPP-A2 was found to be secreted in 66 

response to glucose in a model of murine pancreatic beta cells [18]. Furthermore, placental 67 

expression of PAPP-A2 is greatly downregulated in a mouse model of diabetic pregnancy [19]. 68 

PAPP-A2 is expected to influence IGFBP-5 levels through proteolysis, but might also influence 69 

IGFBP-3 levels indirectly, since there appears to be a link between circulating levels IGFBP-5 70 

and IGFBP-3. Serum IGFBP-3 is elevated in Igfbp5 null mice [20], and serum IGFBP-5 is 71 

elevated in Igfbp3 null mice [21], whereas overexpression of Igfbp5 reduces serum IGFBP-3 [22, 72 

23]. It has been suggested that the inverse relationship between IGFBP-3 and -5 is not due to 73 

compensatory expression, but rather that elevated levels of one IGFBP leads to sequestration of 74 

IGF-I and/or acid-labile subunit (ALS) from the other IGFBP, rendering it susceptible to 75 

accelerated degradation [21, 24]. This competitive relationship would be particularly acute for 76 

IGFBP-3 and -5 since they are the only IGFBPs which bind to ALS [25].  77 
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 Numerous transgenic mouse studies have investigated the effects of IGFBP-3 and -5 on 78 

glucose metabolism and adiposity. Deletion of Igfbp5 results in hyperglycemia, slightly reduced 79 

glucose clearance in a glucose tolerance test (GTT), and increased adiposity on a high-fat diet 80 

[26]. Deletion of Igfbp3 has no effect on fasting glucose levels and glucose clearance when mice 81 

are fed normal chow [21], but on a high-fat diet, Igfbp3 null mice are hyperglycemic with normal 82 

glucose clearance and have less white adipose tissue than controls [27]. Triple knock-out mice 83 

with deletion of Igfbp3, Igfbp4, and Igfbp5 have enhanced glucose clearance in GTT, reduced 84 

fasting blood glucose and reduced fat pad weight [28]. In contrast, Igfbp3 overexpression leads 85 

to fasting hyperglycemia, impaired glucose clearance in GTT and, at least in one line, increased 86 

adiposity [29-31]. Because deletion of Pappa2 would be expected to increase IGFBP-5 levels, 87 

but potentially reduce IGFBP-3 levels indirectly, its role in metabolism is impossible to predict. 88 

To our knowledge, no study has examined the effects of Igfbp5 overexpression on glucose 89 

metabolism or adiposity. 90 

 The goal of this study was to examine whether deletion of Pappa2 affected the 91 

circulating levels of IGFBP-5 and -3 and, if so, whether the change in the balance of IGFBPs 92 

affected glucose metabolism and susceptibility to diet-induced obesity. In addition to measuring 93 

glucose tolerance on standard chow, we also measured glucose tolerance and adiposity on a 94 

high-fat diet to determine whether there were greater differences between genotypes in response 95 

to a metabolic challenge [26, 27]. Since constitutive Pappa2 deletion mice are smaller than wild-96 

type [16], we also used a mouse model in which Pappa2 was inactivated in adulthood to 97 

examine the relationship between circulating IGFBP-3 and -5, independent of body size. 98 

 99 

Materials and methods 100 
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Pappa2 deletion mice 101 

All work was carried out in accordance with the guidelines of the Canadian Council on Animal 102 

Care and approved by the SFU University Animal Care Committee (protocol 1035B-11). Mice 103 

were group-housed in individually ventilated cages (50 air changes/hour; max. 5 mice per cage) 104 

on a 12:12 hour light:dark cycle, at constant temperature (21 ± 1 °C), 50% humidity, with water 105 

and food (described below) available ad libitum. Conditional PAPP-A2 deletion mice with a 106 

C57BL/6 background were generated as previously described [16], such that mouse exon 2 107 

(homologous to human exon 3) and a PGK-Neo selection cassette were flanked by LoxP sites 108 

(i.e., “floxed”). Since this previous work, the selection cassette was removed by FLP-FRT 109 

recombination to produce a floxed allele with no selection cassette (Pappa2fl) and the Flp 110 

transgene was removed by further breeding. Furthermore, in mice carrying the constitutive 111 

Pappa2 deletion allele (Pappa2KO), the Cre transgene was removed by additional breeding . We 112 

have previously shown that PAPP-A2 protein is undetectable in placentae homozygous for the 113 

deletion allele, despite being abundant in wild-type mice [16].  114 

In the present study, the conditional allele was used as the control for the deletion allele; 115 

there is no difference in postnatal weight gain between mice homozygous for the Pappa2fl allele 116 

and littermates homozygous for the wild-type allele (described below). Mice heterozygous for 117 

the conditional and constitutive Pappa2 alleles (Pappa2fl/KO) were paired to produce litters in 118 

which all three genotypes were present (i.e., Pappa2fl/fl, Pappa2fl/KO, Pappa2KO/KO). Mice were 119 

weaned at approximately three weeks of age and maintained on breeding chow (Prolab RMH 120 

2000 5P06, 23% kcal from fat, LabDiet, St. Louis, MO) until 6 weeks of age, when they were 121 

switched to normal chow (5001, 13.5% kcal from fat, LabDiet, St. Louis, MO). Mice were ear-122 

clipped at weaning and extraction of DNA and PCR genotyping were performed by standard 123 
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methods. Primer sequences are as follows: KO_prox (5’-CAGCAAAGGAAATTTGTGCT-3’), 124 

KO_exon2 (5’-GGTCAAATGAAACTTCCCTCC-3’), KO_dist2 (5’-125 

CTCTTGCATGCCTCCACTAC-3’).  126 

Male and female mice were blood sampled from the saphenous vein at 6 weeks of age for 127 

measurement of circulating IGF-I, IGFBP-3 and IGFBP-5 levels (N= 12-17 per genotype), and 128 

glucose tolerance testing was performed at 11 weeks of age (N= 17-29 per genotype). Body 129 

weight and tail length were measured at 3, 6, 10 and 14 weeks of age (N= 32-57 per genotype).  130 

Mice were fed a high-fat diet (45% kcal from fat, D12451, Research Diets, New Brunswick, NJ) 131 

from 17 weeks of age until 25 weeks of age, when glucose tolerance tests were performed and 132 

mice were culled (N= 10-11 per genotype). The high-fat diet experiment used only male 133 

heterozygotes and homozygous deletion mice (i.e., Pappa2fl/KO and Pappa2KO/KO) since females 134 

and male homozygous for the floxed allele were used for other experiments. In previous studies, 135 

the effects of Pappa2 deletion on postnatal growth have been found to be completely recessive 136 

[16], and in the present study we also found effects on circulating IGF and IGFBPs to be mostly 137 

recessive (described below). In almost all cases in the high-fat diet experiment, Pappa2KO/KO 138 

males were matched with Pappa2fl/KO littermates, with siblings kept in the same cage throughout 139 

the experiment, precluding the collection of individual food consumption data. 140 

 141 

Adult-specific Pappa2 deletion mice 142 

Adult-specific Pappa2 deletion was achieved by crossing conditional deletion mice (Pappa2fl/fl) 143 

to mice with tamoxifen-inducible Cre recombinase expression (hereafter referred to as Cre-144 

ERT2; Jackson Laboratory stock number 008085). Resulting offspring carrying the transgene 145 

(Pappa2wt/fl; Cre-ERT2) were mated to mice heterozygous for the conditional allele (Pappa2wt/fl) 146 
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and the body weight and tail length of offspring were measured at 3, 6, 10, 14 and 18 weeks of 147 

age (N= 10-22 per genotype, with 6 genotypes: three Pappa2 genotypes, each with or without 148 

the Cre-ERT2 transgene). Pappa2 genotype was determined as described above, while Cre-ERT2 149 

transgene genotype was determined using two primer pairs recommended by the Jackson 150 

Laboratory: one to amplify a fragment of the transgene and another to amplify a positive control 151 

fragment to confirm that the PCR was successful. Primer sequences are as follows: Cre_A (5’-152 

GCGGTCTGGCAGTAAAAACTATC-3’), Cre_B (5’-GTGAAACAGCATTGCTGTCACTT-153 

3’), Cre_+ve_A (5’-CTAGGCCACAGAATTGAAAGATCT-3’), Cre_+ve_B (5’-154 

GTAGGTGGAAATTCTAGCATCATCC-3’). 155 

Offspring homozygous for the wild-type allele or the floxed allele and that carried the 156 

transgene (Pappa2wt/wt; Cre-ERT2 or Pappa2fl/fl; Cre-ERT2) were treated with tamoxifen (Sigma-157 

Aldrich) in corn oil at a dose of 75 mg / kg body weight by intraperitoneal injection once per day 158 

for 5 consecutive days, as validated by the Jackson Laboratory for this Cre line. Mice were 159 

between 18 and 27 weeks of age (median age: 20 weeks) at the time of the first tamoxifen 160 

injection, and were blood sampled 7 weeks later (N= 11-14 per genotype). 161 

 162 

Glucose tolerance tests and measurement of fat depots 163 

Glucose tolerance tests were performed after a 5 hour fast on unanesthetized animals [32, 33]. 164 

Mice were given an intraperitoneal injection of 20% glucose at a dose of 2 g D-glucose/kg body 165 

weight [34], and blood sampled from the saphenous vein at 0, 15, 30, 60 and 120 minutes after 166 

injection. Blood glucose levels were measured using an AlphaTRAK 2 glucometer (Abbott, 167 

Illinois). A plasma sample taken immediately prior to glucose challenge was frozen for 168 

measurement of insulin. All glucose tolerance tests were performed at the same time of day. For 169 
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mice on a high-fat diet, the glucose dose was based on body weight at the initiation of the high-170 

fat diet as a proxy for lean body weight, to reduce variation in the glucose dose per weight of 171 

lean tissue [32].  172 

Mice on a high-fat diet were sacrificed the day following the glucose tolerance test and 173 

frozen. Mice were later thawed and the gonadal, retroperitoneal, mesenteric, and omental fat 174 

depots were removed, and dried to a constant weight. These four depots were selected since 175 

visceral fat is associated with risk of diabetes [35].  176 

 177 

Enzyme linked immunosorbent assays (ELISA)  178 

Plasma levels of IGF-I, IGFBP-3, IGFBP-5 were measured in triplicate by species-specific 179 

ELISA (MG100, MGB300, and DY578, respectively, R&D Systems, Minneapolis, MN) at 180 

dilutions of 1:500, 1:300 and 1:75, respectively. Plasma insulin was measured in triplicate by 181 

species-specific ELISA (90080, Crystal Chem, Downers Grove, IL) in undiluted samples.  182 

According to the manufacturer, these ELISAs show no significant cross-reactivity with related 183 

mouse proteins (including other IGFBPs).  184 

 185 

Quantitative PCR 186 

We measured Igfbp3 and Igfbp5 transcript levels in 8 Pappa2fl/fl (4 females and 4 males) and 7 187 

Pappa2KO/KO (3 females and 4 males) mice. Males were collected between 20 and 27 weeks of 188 

age and females were collected between 24 and 32 weeks of age. A sample of kidney and liver 189 

were dissected immediately after sacrifice and stored in RNAlater (Ambion, Foster City, CA). 190 

We measured mRNA levels in kidney and in liver because Igfbp3 expression is particularly 191 

strong in these tissues [36, 37]. Tissue was homogenized at room temperature in 600 µL of 192 
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buffer RLT (Qiagen, Ontario, Canada) using pestles and Qiashredders (Qiagen, Ontario, Canada) 193 

and total RNA was extracted using the RNeasy Mini kit (Qiagen, Ontario, Canada). RNA 194 

concentration was determined using a Nanodrop spectrophotometer (Thermo Fischer Scientific 195 

Inc. Waltham, MA), and each sample was diluted to a final concentration of 50 ng/µL. A 196 

reference sample was prepared by combining samples and was included in every assay to 197 

account for variation between assays. Levels of β-actin were also measured as a reference. 198 

Primer sequences were obtained from [23] and are as follows: Igfbp3: 5’-199 

CCAGAACTTCTCCTCCGAGTCTAAG-3’ and 5’-CTCAGCACATTGAGGAACTTCAGAT-200 

3’; Igfbp5: 5’-AGATGGCTGAAGAGACCTACTCC-3’ and 5’-201 

GCTTTCTCTTGTAGAATCCTTTG-3’; β-actin: 5’-CAGGTCATCACTATTGGCAACGAG-3’ 202 

and 5’-ACGGATGTCAACGTCACACTTCAT-3’. The qScript 1-step SYBR Green qRT-PCR 203 

kit (Quanta Biosciences Inc. Gaithersburg, MD) was used to reverse-transcribe and amplify each 204 

sample for 40 cycles. At each cycle, the amount of fluorescence was quantified using a 205 

miniOpticon (Bio-Rad, Hercules, CA), and the cycle at which the signal rose above a fixed 206 

threshold (Ct) was determined. Each sample was analysed in duplicate. We used the method of 207 

Pfaffl [38] to calculate mRNA expression levels for Igfbp3 and Igfbp5, relative to the reference 208 

sample, e.g., a value of 1.5 indicates a sample has 50% more of a particular transcript than the 209 

reference sample, correcting for β-actin. 210 

 211 

Statistical analyses 212 

All statistical analyses were performed using general linear models (proc GLM) or repeated 213 

measures analyses (proc MIXED) in SAS, Version 9.3 (SAS Institute Inc., Cary, NC).  Terms 214 

included in the models are described in the text, figure legends and footnotes to the tables.  215 
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 216 

Results 217 

Postnatal growth  218 

Mice homozygous for the Pappa2 deletion were lighter than littermates heterozygous or 219 

homozygous for the floxed (i.e., intact) allele at 3, 6, 10 and 14 weeks of age (Fig. 1A, 220 

Supplementary Table 1), as previously observed comparing homozygous deletion mice with 221 

wild-type mice [16]. As in previous work comparing deletion and wild-type mice, the phenotype 222 

of heterozygotes was closer to that of homozygous floxed mice (Supplementary Table 1) and 223 

homozygous deletion mice were significantly smaller within each sex (data not shown). 224 

 225 

Circulating levels of IGFBP-5, IGFBP-3 and IGF-I 226 

As expected, circulating IGFBP-5 levels at 6 weeks of age were significantly higher in mice with 227 

no functional PAPP-A2 than in littermates with one or two floxed alleles (Table 1). While the 228 

mean IGFBP-5 level in heterozygotes was significantly different from both Pappa2KO/KO and 229 

Pappa2fl/fl mice, it was closer to Pappa2fl/fl levels. In contrast, circulating IGFBP-3 levels were 230 

dramatically lower in Pappa2KO/KO mice, with heterozygotes significantly different from both 231 

Pappa2KO/KO and Pappa2fl/fl mice, but much closer to the latter (Table 1).  232 

Total IGF-I levels were significantly higher in Pappa2KO/KO mice, with levels in 233 

heterozygotes not significantly different from Pappa2fl/fl levels (Table 1). For circulating IGF-I 234 

or IGFBP-3 levels, the genotype by sex interaction was not significant, and there was no 235 

difference between the sexes (data not shown). In contrast, the genotype by sex interaction was 236 

significant for IGFBP-5 levels (F2,28 = 3.42, P = 0.047), although in each sex analysed separately, 237 

circulating IGFBP-5 was significantly higher in homozygous deletion mice (data not shown). 238 
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There was also a significant effect of sex, with circulating IGFBP-5 levels significantly higher in 239 

females (F1,28 = 12.84, P = 0.0013; least squares means: males: 131 ± 3 ng/mL; females: 147 ± 3 240 

ng/mL).  241 

 242 

Igfbp3 and Igfbp5 expression in liver and kidney 243 

We tested whether Igfbp3 expression was altered in the liver or kidney of Pappa2 deletion mice. 244 

At cull between 21 and 32 weeks of age (median age: 27 weeks), circulating IGFBP-5 and 245 

IGFBP-3 were still higher and lower, respectively, in Pappa2 deletion mice, as observed at 6 246 

weeks of age (Table 1). However, there was no effect of Pappa2 deletion on Igfbp3 or Igfbp5 247 

expression at the mRNA level in either the kidney or the liver (Table 1). The genotype by sex 248 

interaction was not significant for any of the traits measured at cull (P > 0.05), and there was 249 

only a significant effect of sex for circulating IGFBP-5 levels and liver Igfbp5 mRNA. As at 6 250 

weeks of age, circulating IGFBP-5 levels at cull were significantly higher in females (F1,12 = 251 

13.87, P = 0.0029; males: 92 ± 6 ng/mL; females: 127 ± 7 ng/mL), as was liver Igfbp5 mRNA 252 

(F1,12 = 17.94, P = 0.0012; males: 1.1 ± 0.3; females: 3.1 ± 0.4; mRNA units are fold-difference 253 

compared to a reference sample and corrected for β-actin). 254 

 255 

Adult-specific Pappa2 deletion 256 

To investigate the effects of Pappa2 deletion on circulating IGFBP-3 and -5, independent of 257 

body size, we generated mice in which Pappa2 was inactivated during adulthood by tamoxifen-258 

induced Cre-mediated recombination. Prior to tamoxifen administration, there was no effect of 259 

Pappa2 genotype or the presence of the Cre transgene on body weight at 3, 6, 10, 14 or 18 weeks 260 

of age (Fig. 1B; Supplementary Table 2). The lack of phenotypic difference between Pappa2fl/fl 261 
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and Pappa2wt/wt littermates supports the use of Pappa2fl/fl mice as controls for Pappa2KO/KO mice. 262 

Seven weeks after the first tamoxifen injection, there was no difference in body weight between 263 

Pappa2fl/fl and Pappa2wt/wt mice carrying the tamoxifen-inducible Cre transgene (F1,14 = 0.80; P = 264 

0.39; Table 2). Circulating IGFBP-5 levels did not differ between genotypes (F1,14 = 2.69; P = 265 

0.12; Table 2), although the average value was higher in adult-specific deletion mice (Pappa2fl/fl) 266 

than in tamoxifen-treated wild-type mice (Pappa2wt/wt), as expected. As in constitutive deletion 267 

mice, circulating IGFBP-5 levels were significantly higher in females than in males (F1,14 = 268 

22.92; P = 0.0003; males: 82 ± 16 ng/mL; females: 200 ± 15 ng/mL). Despite the lack of an 269 

effect on IGFBP-5 levels, circulating IGFBP-3 levels were significantly lower in adult-specific 270 

deletion mice than in tamoxifen-treated controls (F1,14 = 13.41; P = 0.0026; Table 2), indicating 271 

that the effect of Pappa2 deletion on circulating IGFBP-3 is independent of body size. However, 272 

the reduction in IGFBP-3 levels in adult-specific deletion mice was much smaller than that in the 273 

constitutive deletion mice, potentially because of incomplete inactivation of Pappa2 (Fig. 2). 274 

Circulating IGFBP-3 levels did not differ between the sexes (F1,14 = 0.02; P = 0.90). 275 

 276 

Glucose tolerance tests on chow 277 

We analysed blood glucose levels using a general linear model including effects of Pappa2 278 

genotype, sex, genotype by sex interaction, and batch (i.e., the day on which the glucose 279 

tolerance test was performed, to account for variation between test days). The genotype by sex 280 

interaction term was not significant at any time point and so was removed from the model, i.e., 281 

there was no evidence of sex-specific effects of Pappa2 genotype. 282 

On a chow diet, baseline blood glucose levels did not differ among Pappa2 genotypes 283 

(F2,58 = 0.09; P = 0.92; Table 3), and were significantly higher in males than females (F1,58 = 284 
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6.61; P = 0.01; males: 9.8 ± 0.2 mmol/L; females: 9.0 ± 0.2 mmol/L). Glucose levels did not 285 

differ between Pappa2 genotypes at any point after glucose injection (Fig. 3A). However, the 286 

variation among genotypes was marginally non-significant at 15 minutes after injection (F2,55 = 287 

3.05; P = 0.06) (Fig. 3A). There was no difference among Pappa2 genotypes in the area under 288 

the curve (AUC) (F2,54 = 0.76; P = 0.47; Table 3), or the positive incremental area under the 289 

curve (i.e., the area under the curve, but above the baseline level, piAUC) (F2,54 = 0.91; P = 0.41; 290 

Table 3). Males had a higher AUC than females (F1,54 = 8.03; P = 0.006; males: 30.7 ± 0.5 291 

mmol*hour/L; females: 28.5 ± 0.6 mmol*hour/L), but piAUC did not differ between the sexes 292 

(F1,54 = 0.92; P = 0.34; males: 11.4 ± 0.5 mmol*hour/L; females: 10.7 ± 0.6 mmol*hour/L).  293 

 294 

 295 

Glucose tolerance tests, weight gain and fat depots on high-fat diet 296 

We fed male Pappa2KO/KO and Pappa2fl/KO mice a high-fat diet to determine whether there were 297 

greater differences between genotypes in response to a metabolic challenge. Weight gain and 298 

relative weight (gain expressed as percentage of initial weight) were analysed by repeated 299 

measures analysis using the MIXED procedure (SAS 9.3, SAS Institute) and individual mouse as 300 

the subject. The difference between genotypes was significant in the repeated measures analysis 301 

for both weight gain (F1,19 = 77.11; P < 0.0001) and body weight as a percentage of initial weight 302 

(F1,19 = 28.84; P < 0.0001). On a high-fat diet, Pappa2KO/KO mice gained significantly less weight 303 

than Pappa2fl/KO mice in absolute terms, and in terms of body weight as a percentage of weight at 304 

the initiation of the high-fat diet (Fig. 4A, B). However, there was no difference between 305 

genotypes in body weight after 8 weeks on the high-fat diet (F1,18 = 1.37; P = 0.26), controlling 306 

for body weight at the initiation of the high-fat diet in a general linear model, i.e., the 307 
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relationship between initial and final weight followed the same pattern for both genotypes (Fig. 308 

5A). This suggests that the difference in absolute and proportional weight gain was due to the 309 

lower starting weight of Pappa2KO/KO mice, and not to a difference in metabolism between 310 

genotypes per se. 311 

We analysed differences in the weights of fat depots between genotypes in three ways: 312 

absolute weight, weight as a percentage of body weight, and controlling for body weight as a 313 

covariate in the model. The absolute weights of the gonadal and retroperitoneal fat depots and 314 

the total weight of the fat depots were significantly lower in Pappa2KO/KO mice, while the weight 315 

of the omental fat depot was marginally non-significantly lower in Pappa2KO/KO mice, and the 316 

weight of the mesenteric fat depot did not differ between genotypes (Table 4). As a percentage of 317 

body weight, the retroperitoneal fat depot was significantly smaller in Pappa2KO/KO mice, but 318 

there was no significant difference in the other depots (Table 4). As a percentage of body weight, 319 

total weight of the fat depots tended to be lower in Pappa2KO/KO mice, but this difference was 320 

marginally non-significant (P = 0.07) (Table 4). However, controlling for body weight as a 321 

covariate in the model, the only significant difference between genotypes was in the weight of 322 

the mesenteric fat depot, which was higher in Pappa2KO/KO mice. As with gains in body weight, 323 

the relationship between total fat weight and body weight followed a similar pattern for both 324 

genotypes (Fig. 5B), suggesting that the difference in body fat was due to the lower weight of 325 

Pappa2KO/KO mice, and not to a difference in metabolism between genotypes.  326 

On a high-fat diet, there was no difference among Pappa2 genotypes in fasting baseline 327 

blood glucose (F1,19 = 0.18; P = 0.67; Table 3) or insulin levels (F1,18 = 0.00; P = 0.99; Table 3). 328 

As expected, older (25 week old) mice on a high-fat diet had an impaired response to the glucose 329 

challenge compared with younger (11 week old) mice on chow, with a higher peak in blood 330 
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glucose and higher blood glucose two hours after injection (Fig. 3). The glucose dose was based 331 

on their weight at the initiation of the high-fat diet, and therefore these mice actually received a 332 

lower dose of glucose per actual weight compared with the mice on chow. Glucose levels did not 333 

differ between Pappa2 genotypes at any point after glucose injection (Fig. 3B), and there was no 334 

difference in AUC or piAUC between Pappa2 genotypes (P > 0.5 in both cases; Table 3).  335 

 336 

 337 

Discussion 338 

IGFBP proteases add another layer of complexity to the roles of the IGFs and IGFBPs in 339 

metabolism since they not only decrease the levels of their target(s), but may indirectly increase 340 

the levels of other IGFBPs and/or trigger effects of IGFBP proteolytic fragments. We 341 

investigated the effects of deleting an IGFBP-5 protease, Pappa2, and found that circulating 342 

IGFBP-5 levels were increased, as expected. Because circulating IGFBP-5 competes for ALS 343 

with IGFBP-3 but not other IGFBPs [25], we also measured circulating IGFBP-3. Deletion of 344 

Pappa2 dramatically reduced levels of IGFBP-3, usually the predominant IGFBP in circulation 345 

[4], consistent with previous studies of Igfbp5 deletion or overexpression [20, 22, 23]. 346 

Furthermore, IGFBP-3 was also reduced by adult-specific deletion of Pappa2, indicating that 347 

this effect was not due to compensation for reduced body size. The decrease in circulating 348 

IGFBP-3 was not accompanied by decreased levels of Igfbp3 mRNA in the liver or kidney, 349 

consistent with the hypothesis that the reduction in IGFBP-3 was due to sequestration of IGF-I 350 

and/or ALS by excess IGFBP-5, rendering IGFBP-3 more susceptible to degradation.  351 

While deletion of Pappa2 would be expected to have effects similar to Igfbp5 352 

overexpression, these studies [22, 23] did not report effects on glucose metabolism or adiposity. 353 
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Since Pappa2 deletion also reduced IGFBP-3 levels substantially, this manipulation might be 354 

similar to Igfbp3 deletion. As with Igfbp3 null mice on a chow diet [21], we found no effect of 355 

Pappa2 deletion on fasting glucose levels or glucose clearance in a glucose tolerance test. On a 356 

high-fat diet, Igfbp3 null mice had higher fasting blood glucose and insulin levels and lower 357 

epididymal fat pad weight than controls, while glucose clearance was unaffected by Igfbp3 358 

deletion [27]. In contrast, Pappa2 deletion did not affect fasting blood glucose, insulin levels or 359 

adiposity on a high-fat diet. Deletion of Pappa, a paralog of Pappa2 that encodes a protease of 360 

both IGFBP-4 and -5, had no effect on fasting glucose or insulin levels or glucose clearance [39]. 361 

In Pappa deletion mice on a high-fat diet, there were reductions in the weights of some fat 362 

depots, particularly in females, although these were analysed as percentage of body weight [40]. 363 

 After 8 weeks on a high-fat diet, Pappa2 deletion mice gained less weight than controls 364 

and had lighter fat depots in absolute terms. Similarly, as a proportion of body weight, Pappa2 365 

deletion mice also gained less weight than controls, and had a decreased total weight of fat 366 

depots, although this latter difference was marginally non-significant (P = 0.07). In contrast, 367 

when adjusting for body weight by including this term as a covariate rather than using 368 

proportions, there was no effect of genotype on weight gain or the total weight of fat stores. The 369 

discrepancy between our analyses using proportions and those adjusting for body weight as a 370 

covariate illustrates the pitfalls of using ratios to adjust for body weight. The use of ratios is only 371 

valid if the relationship between the trait of interest and body size is isometric, i.e., that it is 372 

linear and passes through the origin [41].  373 

 There is interest in IGFBPs as therapeutic targets in the treatment of diabetes and obesity, 374 

but our knowledge of the effects of individual components of the IGF system and their 375 

interactions is limited [42]. We deleted an IGFBP protease, and therefore manipulated relative 376 
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IGFBP levels without inducing pharmacological effects potentially observed in overexpression 377 

studies. Deletion of Pappa2 in mice increased circulating IGFBP-5 levels, as expected, and also 378 

decreased circulating IGFBP-3. Pappa2 deletion increased IGF-I levels, but decreased postnatal 379 

growth, as observed in Igfbp5-overexpressing mice [23]. In both of these studies, the reason for 380 

the increased IGF-I levels remains unknown 381 

 382 

Despite the dramatic disruption of the balance between circulating IGF-I, IGFBP-3 and -383 

5, we found no effects of Pappa2 deletion on glucose metabolism, either on a standard chow diet 384 

or a high-fat diet. There were no effects of Pappa2 deletion on weight gain on a high-fat diet, or 385 

the total weight of fat depots, when correcting for body size. Because we deleted Pappa2 386 

globally, we cannot rule out the possibility that the effects of PAPP-A2 on circulating IGFBP 387 

levels may have been counteracted by effects on local or circulating IGF-I bioavailability, IGF-388 

independent pathways, or even IGFBP-5 independent pathways [43].  389 

390 
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530 

Figure 1. (A) Growth of mice homozygous for Pappa2 disruption (Pappa2KO/KO; open circles), 531 

heterozygous (Pappa2fl/KO; half-filled circles), or homozygous for the floxed Pappa2 allele 532 

(Pappa2fl/fl; filled circles). Values are least squares means ± standard error from a general linear 533 

model including effects of genotype, sex and litter, i.e., males and females are pooled. (B) 534 

Growth prior to tamoxifen administration of mice carrying the tamoxifen-inducible Cre-ERT2 535 

transgene and homozygous for the floxed Pappa2 allele (Pappa2fl/fl; open circles) or 536 

homozygous for the wild-type allele (Pappa2wt/wt; filled circles). Values are least squares means 537 

± standard error from a general linear model including effects of Pappa2 genotype, Cre-ERT2 538 

genotype, Pappa2*Cre-ERT2 interaction, sex and litter, i.e., males and females are pooled. For 539 

clarity, littermates heterozygous for the Pappa2 allele (Pappa2fl/wt) or not carrying the Cre-ERT2 540 

transgene are not presented (see Supplemental Table 2).  541 

 542 
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 543 

Figure 2. Partial disruption of the Pappa2 gene in Pappa2fl/fl; Cre-ERT2 individuals collected 7 544 

weeks after tamoxifen injection, as shown by PCR amplification of both the floxed (upper) and 545 

deletion (lower) Pappa2 alleles in a female (upper) and male (lower). 546 

547 
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 548 

Figure 3. Glucose tolerance test in (A) 11 week old males and females fed a chow diet and (B) 549 

25 week old males fed a high-fat diet in mice homozygous for Pappa2 disruption (Pappa2KO/KO; 550 

open circles), heterozygous (Pappa2fl/KO; half-filled circles), or homozygous for the floxed 551 

Pappa2 allele (Pappa2fl/fl; filled circles). Values are least squares means ± standard error from a 552 

general linear model including effects of genotype, sex, and batch of testing (for mice on chow) 553 

or genotype only (for mice on high-fat diet). 554 

555 
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 556 

 557 

Figure 4. Effects of genotype on (A) weight gain (weight at the time indicated subtracted from 558 

weight at the initiation of high-fat diet) and (B) body weight expressed as percentage of weight at 559 

initiation of diet in mice homozygous for Pappa2 disruption (Pappa2KO/KO; open circles), 560 

heterozygous (Pappa2fl/KO; half-filled circles). Values are least squares means and error bars 561 

indicate standard error.  562 
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 563 

Figure 5. Relationships between (A) weight after 8 weeks on high-fat diet (HFD) and initial body 564 

weight and (B) total weight of fat depots after 8 weeks on high-fat diet and body weight in males 565 

homozygous for Pappa2 disruption (Pappa2KO/KO; open symbols, dashed trendline) or 566 

heterozygous for the floxed Pappa2 allele (Pappa2fl/KO; half-filled symbols, solid trendline). 567 

While the trendlines shown were fitted separately for each genotype, the mass*genotype 568 

interaction was not significant in any of these analyses (P > 0.05) and so was removed from the 569 

model in analyses reported in the text.  570 

571 
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Table 1.  Components of the IGF pathway in mice homozygous for Pappa2 disruption 572 

(Pappa2KO/KO), heterozygous (Pappa2fl/KO), or homozygous for the floxed Pappa2 allele 573 

(Pappa2fl/fl), from crosses between mice heterozygous for the Pappa2 disruption.   574 

 Pappa2KO/KO Pappa2fl/KO Pappa2fl/fl P-value1 

Blood analytes measured at 

6 weeks 

    

IGFBP-5 (ng/mL) 193 ± 4A 126 ± 5B 99 ± 4C 0.0001 

IGFBP-3 (ng/mL) 56 ± 24A 604 ± 30B 833 ± 27C 0.0001 

IGF-I (ng/mL) 945 ± 24A 631 ± 31B 581 ± 28B 0.0001 

Circulating and mRNA 

levels of IGFBPs at cull 

    

IGFBP-5 (ng/mL) 130 ± 7A  90 ± 6B 0.0011 

Liver Igfbp5 mRNA2 1.6 ± 0.4  2.6 ± 0.3 0.07 

Kidney Igfbp5 mRNA2 74.3 ± 12.5  87.3 ± 11.7 0.46 

IGFBP-3 (ng/mL) 42 ± 10A  260 ± 9B 0.0001 

Liver Igfbp3 mRNA2 1.1 ± 0.5  1.9 ± 0.5 0.27 

Kidney Igfbp3 mRNA2 67.1 ± 11.4  49.9 ± 10.6 0.29 

1 The P-value is for the overall effect of genotype from a general linear model including effects 575 

of genotype, sex and litter (blood analytes at 6 weeks) or genotype and sex only (traits at cull).  576 

Values are least squares means ± standard error.  Values with different superscripts are 577 

significantly different using the Tukey-Kramer adjustment for multiple comparisons. 578 

2 mRNA units are fold-difference compared to a reference sample and corrected for β-actin.   579 

580 
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Table 2.  Body weight and circulating IGFBP-5 and IGFBP-3 levels in adult-specific Pappa2 581 

deletion mice (Pappa2fl/fl) and controls (Pappa2wt/wt), all carrying the tamoxifen-inducible Cre-582 

ERT2 transgene, 7 weeks after the first tamoxifen injection.   583 

 Pappa2fl/fl Pappa2wt/wt P-value1 

Weight (g) 27.49 ± 0.63 26.71 ± 0.54 0.39 

IGFBP-5 (ng/mL) 157 ± 15 124 ± 13 0.12 

IGFBP-3 (ng/mL) 258 ± 26 390 ± 23 0.0026 

1 The P-value is for the overall effect of genotype from a general linear model including effects 584 

of genotype, sex and litter.  Values are least squares means ± standard error. 585 

586 
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Table 3.  Baseline glucose and measures of glucose clearance in mice homozygous for Pappa2 587 

disruption (Pappa2KO/KO), heterozygous (Pappa2fl/KO), or homozygous for the floxed Pappa2 588 

allele (Pappa2fl/fl), from crosses between mice heterozygous for the Pappa2 disruption.   589 

 Pappa2KO/KO Pappa2fl/KO Pappa2fl/fl P-value1 

On chow diet     

Baseline blood glucose 

(mmol/L) 

9.4 ± 0.2 9.3 ± 0.3 9.3 ± 0.3 0.92 

Glucose tolerance test AUC 

(mmol*hour/L) 

29.4 ± 0.5 30.3 ± 0.6 29.3 ± 0.7 0.47 

Glucose tolerance test 

piAUC (mmol*hour/L) 

10.6 ± 0.5 11.7 ± 0.6 10.8 ± 0.7 0.41 

On high-fat diet     

Baseline blood glucose 

(mmol/L) 

13.0 ± 1.1 13.7 ± 1.0  0.67 

Baseline insulin (ng/mL) 3.4 ± 0.5 3.4 ± 0.5  0.99 

Glucose tolerance test AUC 

(mmol*hour/L) 

60.1 ± 4.4 61.3 ± 4.4  0.85 

Glucose tolerance test 

piAUC (mmol*hour/L) 

34.1 ± 3.1 33.5 ± 3.1  0.91 

1 The P-value is for the overall effect of genotype from a general linear model including effects 590 

of genotype, sex and batch (i.e., the day on which the glucose tolerance test was performed, to 591 

account for variation between test days) or genotype only (for traits measured on high-fat diet).  592 

Values are least squares means ± standard error.   593 
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Table 4.  Fat depots from mice homozygous for Pappa2 disruption (Pappa2KO/KO) or 594 

heterozygous for the disrupted and floxed alleles (Pappa2fl/KO) fed a high-fat diet.   595 

Fat depot Pappa2KO/KO Pappa2fl/KO P-value 

Gonadal     

Percentage of body weight 4.1 ± 0.3 4.5 ± 0.3 0.19 

Absolute weight (g) 1.3 ± 0.1 1.8 ± 0.1 0.002 

Weight, controlling for body weight (g) 1 1.5 ± 0.1 1.6 ± 0.1 0.58 

Retroperitoneal    

Percentage of body weight 1.0 ± 0.1 1.4 ±  0.1 0.0004 

Absolute weight (g) 0.31 ± 0.03 0.57 ± 0.03 0.0001 

Weight, controlling for body weight (g) 1 0.38 ± 0.04 0.50 ± 0.04 0.13 

Omental    

Percentage of body weight 0.10 ± 0.03 0.15 ± 0.03 0.20 

Absolute weight (g) 0.03 ± 0.01 0.06 ± 0.01  0.08 

Weight, controlling for body weight (g) 1 0.07 ± 0.01 0.03 ± 0.01 0.13 

Mesenteric    

Percentage of body weight 1.4 ± 0.2 1.5 ± 0.2 0.79 

Absolute weight (g) 0.45 ± 0.08 0.60 ± 0.08 0.21 

Weight, controlling for body weight (g) 1 0.73 ± 0.07 0.34 ± 0.07 0.005 

Sum of fat depots    

Percentage of body weight 6.5 ±  0.4 7.6 ± 0.4 0.07 

Absolute weight (g) 2.1 ± 0.2 3.0 ± 0.2 0.0013 

Weight, controlling for body weight (g) 1 2.7 ± 0.2 2.5 ± 0.2 0.54 
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1 Values are least squares means ± standard error from a general linear model including genotype 596 

and body weight as a covariate.  597 

598 
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Supplementary Table 1.  Growth phenotypes in offspring homozygous for Pappa2 disruption 599 

(Pappa2KO/KO), heterozygous (Pappa2fl/KO), or homozygous for the floxed Pappa2 allele 600 

(Pappa2fl/fl), from crosses between mice heterozygous for the Pappa2 disruption.   601 

 Pappa2KO/KO Pappa2fl/KO Pappa2fl/fl P-value1 

Postnatal growth     

3 week weight (g) 8.00 ± 0.25A 9.36 ± 0.20B 10.10 ± 0.26B 0.0001 

3 week tail length (cm) 5.06 ± 0.04A 5.50 ± 0.03B 5.64 ± 0.04C 0.0001 

6 week weight (g) 16.77 ± 0.29A 19.59 ± 0.24B 20.56 ± 0.30C 0.0001 

6 week tail length (cm) 6.74 ± 0.04A 7.36 ± 0.03B 7.47 ± 0.04B 0.0001 

10 week weight (g) 20.03 ± 0.29A 23.12 ± 0.24B 23.92 ± 0.30B 0.0001 

10 week tail length (cm) 7.31 ± 0.03A 8.00 ± 0.03B 8.11 ± 0.03C 0.0001 

14 week weight (g) 20.53 ± 0.42A 24.51 ± 0.30B 25.66 ± 0.44B 0.0001 

14 week tail length (cm) 7.37 ± 0.04A 8.21 ± 0.03B 8.29 ± 0.05B 0.0001 

1 The P-value is for the overall effect of genotype from a general linear model including effects 602 

of genotype, sex and litter.  Values are least squares means ± standard error.  Values with 603 

different superscripts are significantly different using the Tukey-Kramer adjustment for multiple 604 

comparisons.605 
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 606 

Supplementary Table 2.  Growth phenotypes in offspring from matings between mice 607 

heterozygous for the floxed allele and carrying the tamoxifen-inducible transgene (Pappa2wt/fl; 608 

Cre-ERT2) and mice heterozygous for the conditional allele (Pappa2wt/fl).  Values are least 609 

squares means ± standard error from a general linear model including effects of Pappa2 610 

genotype, Cre-ERT2 genotype, Pappa2*Cre-ERT2 interaction, sex and litter.  Pappa2 genotype, 611 

Cre-ERT2 genotype, Pappa2*Cre-ERT2 interaction were not significant for any trait (P > 0.15 in 612 

all cases). 613 

 Cre-ERT2 

transgene 

Pappa2fl/fl Pappa2wt/fl Pappa2wt/wt 

3 week weight (g) - 10.25 ± 0.26 9.86 ± 0.23 10.25 ± 0.21 

 + 9.99 ± 0.26 10.08 ± 0.18 9.80 ± 0.22 

3 week tail length (cm) - 5.78 ± 0.06 5.80 ± 0.05 5.80 ± 0.04 

 + 5.73 ± 0.05 5.78 ± 0.04 5.82 ± 0.05 

6 week weight (g) - 19.46 ± 0.34 19.08 ± 0.30 19.30 ± 0.28 

 + 19.63 ± 0.34 19.45 ± 0.23 18.83 ± 0.28 

6 week tail length (cm) - 7.40 ± 0.06 7.41 ± 0.05 7.42 ± 0.05 

 + 7.37 ± 0.06 7.48 ± 0.04 7.39 ± 0.05 

10 week weight (g) - 23.26 ± 0.41 22.41 ± 0.35 23.07 ± 0.30 

 + 22.67 ± 0.37 22.57 ± 0.31 22.49 ± 0.31 

10 week tail length (cm) - 7.96 ± 0.07 7.95 ± 0.06 7.99 ± 0.05 

 + 7.91 ± 0.06 8.01 ± 0.05 7.96 ± 0.05 

14 week weight (g) - 24.54 ± 0.48 24.00 ± 0.40 24.70 ± 0.36 
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 + 24.21 ± 0.44 24.32 ± 0.36 23.97 ± 0.36 

14 week tail length (cm) - 8.17 ± 0.07 8.16 ± 0.06 8.17 ± 0.05 

 + 8.12 ± 0.06 8.24 ± 0.05 8.17 ± 0.05 

18 week weight (g) - 25.22 ± 0.41 24.92 ± 0.34 25.54 ± 0.30 

 + 25.29 ± 0.37 25.43 ± 0.36 24.79 ± 0.31 

18 week tail length (cm) - 8.30 ± 0.07 8.28 ± 0.06 8.31 ± 0.05 

 + 8.28 ± 0.07 8.37 ± 0.07 8.28 ± 0.06 
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